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Site-Specific Pseudouridine Formation
in Preribosomal RNA Is Guided by
Small Nucleolar RNAs
Philippe Ganot, Marie-Line Bortolin, enhance ribosome function (Maden, 1990; Lane et al.,
1995; Ofengand et al., 1995).and TamaÂ s Kiss
The molecular mechanism responsible for the site-Laboratoire de Biologie MoleÂculaire du CNRS
specific generation of this impressive number of modi-UniversiteÂ Paul Sabatier
fied nucleotides that occupy diverse sequence and con-31062 Toulouse Cedex
formational environments in the pre-rRNA has long beenFrance
obscured. The nucleolus contains a large number of
small RNAs (snoRNAs) that are complexed with a set
of proteins and form small RNP particles (snoRNPs)
Summary (Maxwell and Fournier, 1995; Sollner-Webb et al., 1996;
Tollervey and Kiss, 1997). Many snoRNAs share two
During the nucleolar maturation of eukaryotic ribo- short sequence motifs, boxes C and D, and are associ-
somal RNAs, many selected uridines are converted ated with an essential nucleolar protein, fibrillarin (Tyc
intopseudouridine bya thus far undefined mechanism. and Steitz, 1989; Tycowski et al., 1993; Kiss-LaÂ szloÂ et
The nucleolus contains a large number of small RNAs al., 1996; Tycowski et al., 1996a). Some fibrillarin-associ-
(snoRNAs) that share two conserved sequence ele- ated snoRNAs, such as U3 (Kass et al., 1990; Savino
ments, box H and ACA. In this study, we demonstrate and Gerbi, 1990; Hughes and Ares, 1991; Beltrame and
that site-specific pseudouridylation of rRNAs relies on Tollervey, 1995), U8 (Peculis and Steitz, 1993), U14 (Li
short ribosomal signal sequences that are comple- et al., 1990; Liang and Fournier, 1995), and U22 (Tycow-
mentary to sequences in box H/ACA snoRNAs. Genetic ski et al., 1994), have been shown to play crucial roles
depletion and reconstitution studies on yeast snR5 in the processing of pre-rRNA. Recently, it was demon-
and snR36 snoRNAs demonstrate that box H/ACA strated that a large subset of fibrillarin-associated snoR-
snoRNAs function as guide RNAs in rRNA pseudouri- NAs function as guide RNAs in site-specific ribose meth-
dylation. These results define a novel function for ylation of pre-rRNA (CavailleÂ et al., 1996; Kiss-LaÂ szloÂ et
snoRNAs and further reinforce the idea that base pair- al., 1996; Tycowski et al., 1996b). The methylation guide
ing is the most common way to obtain specific sub- RNAs exhibit extensive (10±21 nt long) sequence com-
strate±ªenzymeº interactions during rRNA maturation. plementarities to rRNAs. The conserved D or D9 box
of the snoRNA is positioned five base pairs from the
methylated nucleotide via the formation of a long unin-
Introduction terrupted snoRNA±rRNA duplex. The methyltransferase
enzyme that likely interacts directly or indirectly with
The nucleolar biogenesis of cytoplasmic ribosomes is the D or D9 box of the snoRNA relies on this structural
a complex process that involves the synthesis, modifica- information to select the target nucleotide for the meth-
tion, processing, and assembly of rRNAs into ribosomal yltransfer reaction (CavailleÂ et al., 1996; Kiss-LaÂ szloÂ et
subunits (Hadjiolov, 1985; Eichler and Craig, 1995; Ven- al., 1996).
ema and Tollervey, 1995; Sollner-Webb et al., 1996). In The mechanism underlying the recognition of the ap-
the primary rRNA transcript (pre-rRNA), the 18S, 5.8S, propriate uridines for pseudouridine formation remains
and 25/28S rRNAs are separated and flanked by long an enigma. In Escherichia coli, the single pseudouridine
spacer sequences. To generate functional rRNAs, the residue in 16S rRNA (Wrzesinski et al., 1995a) and at
noncoding spacer regions of pre-rRNA are removed and least one out of the nine pseudouridines in 23S rRNA
the coding regions undergo extensive covalent modifi- (Wrzesinski et al., 1995b)are formed by specific pseudo-
cations. In human rRNAs, more than 100 nucleotides uridine synthases. However, it seems unlikely that each
are methylated at the 29-O-hydroxyl position and about of the numerous pseudouridine residues of eukaryotic
95 uridines are converted into pseudouridine (Maden, rRNAs is formed by its own specific synthase. Recently
1990; Eichler and Craig, 1995; Ofengang et al., 1995; it became evident that the nucleolus, in addition to the
Ofengand and Bakin, 1997). Strikingly, these modifica- box C/D snoRNAs, contains another distinct family of
tions are clustered in the universal core regions of snoRNAs that are defined by a universal ªhairpin-hinge-
rRNAs, and they show remarkable evolutionary conser- hairpin-tailº secondary structure (Ganot et al., 1997) and
vation. two essential sequence elements (box H, consensus
The function of ribosomal pseudouridines and 29-O- AnAnnA, and box ACA) located in the single-stranded
methylated nucleotides remains entirely speculative. hinge and tail regions, respectively (Balakin et al., 1996;
Apart from a 29-O-methyl group of yeast mitochondrial Ganot et al., 1997). The H and ACA boxes likely function
21S rRNA (G2251) that is required for production of func- as protein binding signals and are essential for snoRNA
tional 50S ribosomal subunits (Sirum-Connolly and Ma- accumulation (Balakin et al., 1996; Ganot et al., 1997).
son, 1993), no specific function has been attributed to The nucleolar function of box H/ACA snoRNAs is
the modified nucleotides. In principle, the hydrophobic largely unknown. Yeast snR30 is required for production
nature of 29-O-methyl groups and the versatile hydrogen of 18S rRNA and, therefore, for cell viability (Bally et
bonding capacity of pseudouridines may contribute to al., 1988; Morrissey and Tollervey, 1993). Yeast strains
rRNA folding or/and may facilitate RNA±protein or RNA± lacking snR10 are slightly impaired in pre-rRNA pro-
cessing and cell growth (Tollervey and Guthrie, 1985;RNA interactions and, thereby, may fine-tune or subtly
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Tollervey, 1987). All other box H/ACA snoRNAs tested
are dispensable for cell viability (Maxwell and Fournier,
1995; Balakin et al., 1996; and references therein). In
yeast, all box H/ACA snoRNAs are associated with an
essential glycine- and arginine-rich nucleolar protein,
Gar1p (Girard et al., 1992; Balakin et al., 1996; Ganot
et al., 1997). Intriguingly, we have recently found that
depletion of yeast Gar1 snoRNP protein abolishes the
global pseudouridylation of rRNAs (C. Bousquet-Anto-
nelli et al., submitted). This observation strongly sug-
gests that box H/ACA snoRNPs function in site-specific
pseudouridylation of rRNAs.
Based on recent demonstrations that methylation
guide snoRNAs (Kiss-LaÂ szloÂ et al., 1996), U3 (Beltrame
and Tollervey, 1995), and U14 (Liang and Fournier, 1995)
snoRNAs function through Watson-Crick interactions
with rRNAs, it was postulated that base-pairing interac-
tions between box H/ACA snoRNAs and rRNAs may
contribute to the selection of ribosomal pseudouridines Figure 1. Determination of Cis-Acting Elements Directing Site-Spe-
cific Pseudouridylation of Mammalian rRNAas well (Ganot et al., 1997). Consistent with this model,
the number of human (95) and yeast (45) ribosomal pseu- (A) Schematic structure of the expression constructs used for trans-
fection of mouse cells. The mouse ribosomal minigene pW(Xb/Xh),douridines (Maden 1990; Ofengand et al., 1995) may
in addition to the mouse polymerase I promoter and terminator,well compare with the predicted number of distinct box
contains the terminal regions of the 59 (hatched box) and 39 (openH/ACA snoRNAs in these species (Balakin et al., 1996;
box) external transcribed sequences (ETS) and a fragment of the
Ganot et al. 1997). Moreover, several snoRNAs of box chloramphenicol acetyltransferase (CAT) gene. To obtain pW8/14,
H/ACA class have been shown to interact with pre-rRNA pW6/6, pW6/0, and pW0/6, appropriate synthetic DNA fragments
sequences (Rimoldi et al., 1993) or with large nucleolar of human 18S rRNA gene were inserted into the XbaI and XhoI sites
of the minigene construct. Nucleotides representing authentic rRNAcomplexes containing pre-rRNAs (Ganot et al., 1997).
sequences are in capital letters, while sequences derived from theHowever, the fact that box H/ACA snoRNAs possess
flanking restriction sites are indicated by lower case letters. Thecompact secondary structures (Kiss et al., 1996; Ganot
U1060 residue (according to the human 18S rRNA numbering, Gen-
et al., 1997) and contain no significant complementari- Bank accession number U13369) that is pseudouridylated in the
ties to rRNAs presents obstacles to the model. wild-type human 18S rRNA is underlined.
In this work, the identification of ribosomal signal se- (B) Primer extension analysis of pseudouridylation of mouse mini-
gene transcripts. Cellular RNA isolated from mouse cells transfectedquences that direct pseudouridylation, the closer in-
with either the pW8/14, pW6/6, pW6/0, or pW0/6 construct wasspection of a catalog of potential snoRNA±rRNA interac-
subjected to CMC-alkali treatment (Bakin and Ofengand, 1993). Ations, and genetic depletion and reconstitution studies 32P-labeled oligodeoxynucleotide (3-oCAT2) complementary to the
on two yeast box H/ACA snoRNAs provide evidence sequences of the ribosomal minigene transcript downstream from
that most of the H and ACA box±containing snoRNAs the inserted 18S fragments (Hadjiolova et al., 1994) was annealed
function as guide RNAs in pre-rRNA pseudouridylation. to each RNA sample and extended with AMV reverse transcriptase
(lanes R). Lanes T, G, C, and A represent dideoxy sequencing reac-By forming two short helix structures with the target
tions performed on the appropriate expression plasmid. The exten-rRNA sequence, the pseudouridylation guide snoRNAs
sion products were separated on a 6% sequencing gel.delineate an unpaired uridine residue in the rRNA se-
quence that is converted into pseudouridine.
tendency to occupy terminal or subterminal base pairs
in helical segments of rRNAs (Ofengand et al., 1995). We
therefore wanted to determine whether local secondaryResults
structures or primary sequence elements of pre-rRNA
are recognized by trans-acting factors that direct theIdentification of Ribosomal Signal Sequences
That Direct Site-Specific Pseudouridylation site-specific pseudouridylation of pre-rRNA. A 23 nt
fragment of human 18S rRNA from position 1052 toof Mammalian rRNA
The recent observation that yeast Gar1p, a common 1074, encompassing the U1060 residue that is normally
converted into pseudouridine (Maden, 1990), was in-protein component of all box H/ACA snoRNPs, plays a
fundamental and specific role in the global pseudouridy- serted into a mouse ribosomal minigene (Hadjiolova et
al.,1994) (Figure1A). Upon transfection into mouse cells,lation of pre-rRNA suggested that box H/ACA snoRNAs
function as guide RNAs in site-specific pseudouridyla- pseudouridylation of the minigene transcript at position
U1060 was monitored by primer extension analysis per-tion of pre-rRNA (C. Bousquet-Antonelli et al., submit-
ted). However, the molecular mechanism by which box formed on CMC-treated cellular RNA (Bakin and Ofen-
gand, 1993). This quick and highly specific method isH/ACA snoRNAs could select correct uridine residues
for pseudouridylation remained unknown (Ganot et al., based onthe irreversible reaction of theN3 of pseudouri-
dine with CMC and on the fact that the modified CMC-1997).
Although ribosomal pseudouridines are found in a pseudouridine residue stops reverse transcriptase one
nucleotide before the pseudouridylation site. Whenwide variety of sequence environments, they have a
Site-Specific Pseudouridylation of pre-rRNA
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primer extension was performed on minigene tran- always located in close proximity to each other on the
snoRNA secondary structure. They occupy the oppositescripts containing the 23 nt long 18S fragment (pW8/
14), a strong stop was observed one nucleotide before strands of internal loop structures found either in the
59- or 39-terminal hairpin domain of the snoRNA (seeU1060, indicating that ribosomal sequences 8 nt up-
stream and 14 nt downstream can direct the conversion also Figure 4). Finally, we noticed that the pseudouridine
residue in the selected rRNA sequence occupies theof U1060 into pseudouridine (Figure 1B).Moreover, dele-
tion analyses showed that authentic ribosomal se- first unpaired positionbefore the39 helical segment (with
reference to the snoRNA polarity) of the snoRNA±rRNAquences as short as 6 nt upstream and 6 nt downstream
(pW6/6) still provide sufficient information to govern interaction.
The U23 and U71 snoRNAs (Figure 2A) do not neces-pseudouridylation of U1060, albeit at lower efficiency.
But removal of either the downstream (pW6/0) or the sarily represent exceptions to the rule found for the
majority of human box H/ACA snoRNAs, since not allupstream (pW0/6) flanking sequences of U1060 com-
pletely abolished its conversion into pseudouridine. of the pseudouridine residues have been located on
human 18S rRNA (Maden, 1990; Ofengand et al., 1995).The finding that the 13 nt long A1054±A1066 fragment
of human 18S rRNA (pW6/6) is still specifically pseudo- Indeed, primer extension analyses performed on CMC-
treated human 18S rRNA proved that the uridine resi-uridylated at the U1060 residue, when contrasted with
the fact that this short sequence cannot form a second- dues at positions 97 and 410, defined by U23 and U71
snoRNAs, respectively, are pseudouridylated (Figureary structure present in the wild-type 18S rRNA (data not
shown), strongly suggests that selection of ribosomal 2B). One out of two (U1448 and U1449) and one out of
three (U1696±U1698) consecutive uridines present in thepseudouridylation sites is independent of local second-
ary structures. Instead, recognition determinants re- 18S rRNA sequences selected by U67 and U70 snoRNAs
are known tobe pseudouridylated (Maden, 1990). Primerquired for specific conversion of ribosomal uridines into
pseudouridine are likely provided by the primary rRNA extension analyses placed these two pseudouridine res-
idues at positions U1449 and U1698 (Figure 2B), whichsequences located around the substrate uridine resi-
dues. This conclusion reinforces the assumption that correspond to the first unpaired nucleotides before the
39 helical segments of the putative U67±18S and U70±direct base-pairing interactions between rRNA se-
quences and putative pseudouridylation guide RNAs 18S interactions. Therefore, with the exception of U17
snoRNA (see Discussion), all mammalian box H/ACAmay contribute to the recognition of pseudouridylation
sites (Ganot et al., 1997). snoRNAs are, in principle, able to delineate one or two
pseudouridylation sites in pre-rRNA.
Extension of our investigations to yeast box H/ACA
A Model for Involvement of Box H/ACA snoRNAs snoRNAs further corroborated the rule observed for
in Molecular Recognition of Pseudouridylation mammalian box H/ACA snoRNAs (Figure3A). The major-
Sites in Pre-rRNA ity of yeast box H/ACA snoRNAs, 15 out of the 20 re-
It can be anticipated that enzymatic formation of pseu- ported snoRNAs of this class (Balakin et al., 1996), can
douridine, which likely involves rotation of uracil about potentially select 19 pseudouridine residues that repre-
its N3-C6 axis (Goldwasser and Heinrikson, 1966), re- sent more than 40% of the 45 known yeast ribosomal
quires a free substrate uridine residue. Consequently, pseudouridines (Maden, 1990; Ofengand et al., 1995).
if ribosomal pseudouridines areselected by guide snoR- Although pseudouridines have not been mapped for Tet-
NAs through direct Watson-Crick interactions, it seems rahymena rRNAs, three Tetrahymena box H/ACA snoR-
unlikely that the substrate uridine itself would be in- NAs, snoRNA01, snoRNA02, and snoRNA03 (Nielsen et
volved in a base-pairing interaction. Therefore, pseudo- al., 1992; Ganot et al., 1997), possess the potential to
uridylation guide snoRNAs likely contain two sequence select four ribosomal uridines that are pseudouridylated
motifs that are complementary to rRNA sequences lo- in a broad variety of organisms (Figure 3B). The uridine
cated in the upstream and downstream vicinity of an residues equivalent to the U2910, U2964, and U2949 of
unpaired pseudouridine. This working hypothesis was Tetrahymena 26S rRNA are pseudouridylated in yeast,
tested by detailed computer analyses of human box Drosophila, and human 25/28S rRNAs (Ofengand and
H/ACA snoRNAs. Bakin, 1997), and the U1473 residue of 17S rRNA corre-
For each snoRNA, we made a catalog of sequence sponds to the hypermodified 1-methyl-3-(3-amino-3-
motifs that are capable of forming uninterrupted helices carboxylpropyl)pseudouridine (m1acp3c) residues pres-
of at least 4 bp with rRNA sequences present in the ent in human (position 1252) and yeast (position 1189)
immediate proximity of known ribosomal pseudouri- 18S rRNAs (Saponara and Enger, 1974; Maden et al.,
dines. We found that the majority of human box H/ACA 1975). Interestingly, the pseudouridylation sites equiva-
snoRNAspossess at least one or sometimes two (human lent to the U2910 and U2964 of Tetrahymena 26S rRNA
E2, U65, U69) pairs of short (4±10 nt) sequence motifs are selected by snR34 and U65 in yeast 25S and human
that can potentially form perfect base-pairing interac- 28S rRNAs, respectively (Figures 2A and 3). Therefore,
tions with rRNA sequences flanking known ribosomal the Tetrahymena snoRNA01, yeast snR34, and human
pseudouridylation sites (Figure 2A). Interestingly, these U65 snoRNAs are likely functionally equivalent. How-
motifs are evolutionarily conserved in mouse E3, U19, ever, apart from the short rRNA complementary motifs
U65, and U72 and chicken U72 snoRNAs (data not present in the internal loop structures of the 59- and
shown). Closer inspection of the secondary structures 39-terminal hairpin domains and the H/ACA boxes, the
proposed for human box H/ACA snoRNAs (Ganot et al., sequences of these three phylogenetically diverged
snoRNAs share no obvious similarities (data not shown).1997) revealed that these complementary elements are
Cell
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Figure 2. Interactions between Human Box H/ACA snoRNAs and rRNA Sequences Define Ribosomal Pseudouridylation Sites
(A) Potential base-pairing interactions between human box H/ACA snoRNAs and human rRNA sequences. The upper strands represent the
snoRNA sequences in a 59 to 39 orientation. Solid lines schematically represent the 59 or 39 hairpin domains of snoRNAs. The conserved box
ACA motifs are boxed, and the 59 halves of the box H motifs are in open-ended boxes. Ribosomal pseudouridines that are potentially selected
by box H/ACA snoRNAs are indicated by (c). Other known pseudouridylation sites are indicated by (U). Sequences of human U19 (Kiss and
Filipowicz, 1993), E2, E3 (Ruff et al., 1993), and U64-U72 (Ganot et al., 1997) snoRNAs have been published. Human U23 snoRNA has been
characterized recently (L.-H. Qu et al., unpublished data). For secondary structures of human box H/ACA snoRNAs, see Ganot et al. (1997).
Positions of pseudouridine residues were obtained from Ofengand et al. (1995). Please note that as a result of recent sequence corrections
of human 18S and 28S rRNAs (GenBank accession number U13369), the numbering of rRNA sequences is different from that in Ofengand et
al. (1995).
(B) Verification of pseudouridylation sites in human 18S rRNA predicted by snoRNA±rRNA interactions. CMC-alkali-modified (R) or control (N)
RNAs isolated from human HeLa cells were analyzed by primer extension using 32P-labeled oligonucleotides complementary to human 18S
rRNA sequences from position 155 to 173 for c97 (U23), from 455 to 473 for c410 (U71), from 1483 to 1500 for c1449 (U67), or from 1711 to
1728 for c1698 (U70). Lanes T, G, C, and A are dideoxy sequencing reactions performed by using appropriate primers and a recombinant
plasmid carrying human 18S rRNA gene.
This conclusion was further confirmed when we com- boxes, which are essential for snoRNA accumulation
(Balakin et al., 1996; Ganot et al., 1997), also contributepared the sequences of Tetrahymena snoRNA02 and
yeast snR35 or Tetrahymena snoRNA03 and yeast to the selection or isomerization of ribosomal uridines
into pseudouridine.snR46 snoRNAs (data not shown), which are capable of
selecting equivalent ribosomal pseudouridylation sites In summary, the above observations strongly indicate
that box H/ACA snoRNAs function as guide RNAs in thein Tetrahymena and yeast (Figure 3).
Contrary to the fact that the59 and 39 hairpin structures site-specific pseudouridylation of pre-rRNAs. In the 59
or 39 hairpin element of the snoRNA, an internal loopof yeast, ciliate and mammalian snoRNAs are highly
variable in length (Ganot et al., 1997), the position of the structure, called the ªpseudouridylation pocketº (Figure
4A), selects the target rRNA sequence by forming twointernal loop structure responsible for rRNA selection,
or more importantly, the distance between the selected short (3±10 bp) helix structures that are separated by
two unpaired ribosomal nucleotides (Figure 4B). The firstpseudouridine and the conserved H or ACA boxes of the
snoRNA, shows remarkable conservation. The selected unpaired nucleotide in the selected rRNA sequence (in a
59 to 39 orientation) is a uridine residue that is invariantlypseudouridine is separated from the H or ACA box by
14, and in a few cases, by 15 (human U65, U66, U69, converted into pseudouridine.
and yeast snR189) or 13 (yeast snR34) nucleotides (Fig-
ures 2A and 3). Only human U68 snoRNA represents an Depletion of snR5 and snR36 snoRNAs Inhibits
Site-Specific Pseudouridylation of Yeast rRNAexception to this rule, since its ACA box is found 16
nucleotides away from the selected pseudouridine (Fig- Our proposed model for site-specific selection of ribo-
somal pseudouridines by box H/ACA snoRNAs (Figureure 2A). Nevertheless, this suggests that the H and ACA
Site-Specific Pseudouridylation of pre-rRNA
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Figure 3. Selection of Pseudouridine Resi-
dues in Yeast and Tetrahymena rRNAs by
Box H/ACA snoRNAs
(A) Potential base-pairing interactions be-
tween yeast boxH/ACA snoRNAs and rRNAs.
Sequences of yeast snoRNAs, other than
snR49 (kindly provided by M. J. Fournier),
were obtained from the GenBank database
(for accession numbers, see Balakin et al.,
1996). The sequence and pseudouridylation
pattern of yeast 18S rRNA were taken from
Bakin and Ofengand (1995). The sequence of
yeast 25S rRNA and distribution of pseudo-
uridines were obtained from the database
(GenBank accession number K01048) and
from Ofengand and Bakin (1997), respec-
tively.
(B) Potential Watson-Crick interactions be-
tween Tetrahymena snoRNAs and rRNAs.Se-
quences of Tetrahymena snoRNAs have been
reported by Nielsen et al. (1992). The lack of
a full-length ACA box in snoRNA01 shows
that the reporter sequence is likely incom-
plete (Ganot et al., 1997). Tetrahymena rRNA
sequences were taken from Engberg and
Nielsen (1990). For other details, see legend
to Figure 2A. The equivalent pseudouridyla-
tion sites in yeast and human rRNAs and the
snoRNAs likely responsible for the selection
of these sites are indicated.
4) predicts that the putative pseudouridylation pockets Cellular RNA was isolated from each strain and distri-
bution of ribosomal pseudouridines was tested by thelocated in the 59- and 39-terminal hairpins of yeast snR5
RNA direct the pseudouridylation of 25S rRNA at posi- CMC-primer extension method. When 25S rRNA ob-
tained from the control CMY133 strain was tested,tions U1003 and U1123, respectively, and yeast snR36
RNA governs the isomerization of U1185 in the18S rRNA strong stops were observed before U1003 and U1123
(Figure 6, lanes 1 and 4), confirming that these nucleo-(Figure 3A). To test whether snR5 and snR36 snoRNAs
function as guide RNAs in rRNA pseudouridylation, the tides are pseudouridylated in yeast 25S RNA (Bakin et
al., 1994). However, mapping of 25S rRNA isolated fromsingle genomic copies of the SNR5 (Parker et al., 1988)
and SNR36 (Samarsky et al., 1995) genes were replaced the DsnR5 strain revealed unmodified uridine residues
at positions 1003 and 1123 (lanes 2 and 5). Since pseu-with disrupted alleles. Genomic DNA fragments encom-
passing the SNR5 and SNR36genes werePCR amplified douridylation of 25S rRNA was not affected at c959,
c965, c985, c989, and c1109, we conclude that deple-and disrupted by insertion of the URA3 marker gene
(Figure 5A). Upon transformation of the disrupted alleles tion of snR5 RNA specifically inhibits pseudouridylation
of 25S rRNA at U1003 and U1123. Similar results wereinto a haploid Ura2 strain, Ura1 colonies were selected
and the correct genomic integration of the URA3 gene obtained when pseudouridylation of 18S rRNAs ob-
tained either from the control CMY133 (lane 7) or thewas verified by Southern analysis (data not shown).
Northern analysis showed that in the selected Ura1 DsnR36 (lane 8) strain was monitored at U1185. Although
the hypermodified 1-methyl-3-(3-amino-3-carboxylpro-strains, DsnR5 and DsnR36, accumulation of snR5 and
snR36 snoRNAs was completely abolished (Figure 5C, pyl)pseudouridine (m1acp3c) at position 1189 interfered
with primer extension (Bakin and Ofengand, 1995), aslanes 2 and 5), while expression of the control U24
snoRNA was not affected. Consistent with previous re- compared to an internal control pseudouridylation site
at position 1179, it became clear that pseudouridylationports (Parker at al., 1988; Samarsky et al., 1995), the
growth rate of yeast cells lacking either snR5 or snR36 of U1185 was completely blocked in the DsnR36 strain.
Mapping of all known pseudouridylation sites in the 18S,was not different from that of the parental Ura2 cells,
confirming that these snoRNAs are dispensible. 5.8S, and 25S rRNAs (Ofengand et al., 1995; Ofengand
Cell
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Figure 4. A Model for the Selection of Pseudouridine Residues in
Eukaryotic Pre-rRNA Sequences by Interaction with Box H/ACA
snoRNAs
(A) Schematic secondary structure of box ACA snoRNAs. An internal
loop structure, termed the ªpseudouridylation pocket,º either in the
59- or the 39-terminal hairpin structure of the snoRNA selects pre-
rRNA sequences through direct base-pairing interactions. Position
of the selected pseudouridine residue is indicated (c).
(B) A model for selection of ribosomal uridine residues for site-
specific pseudouridylation. Pre-rRNA sequences are selected by
two short complementary sequence elements of the snoRNA. The
lengths of the two snoRNA/rRNA helix structures bracketing two
unpaired ribosomal nucleotides vary from 3 to 10 base pairs. The
Figure 5. Genetic Depletion and Restoration of Expression of Yeastselected pseudouridine residue (c) occupies the first unpaired posi-
snR5 and snR36 snoRNAstion following the 59 helical structure (with reference to the rRNA
(A) Disruption of yeast SNR5 and SNR36 genes. Genomic fragmentspolarity). The spacing between the selected pseudouridine and the
containing SNR5 and SNR36 genes were cloned by PCR amplifica-conserved H or ACA box of the snoRNA is usually 14 nt (see the
tion. The URA3 marker gene was inserted into the cloned SNR5 andtext for details). In the snoRNA sequence, the first two nucleotides
SNR36 genes. Orientation of the URA3 gene is indicated by anat the base of the helical segment that brings together the two rRNA
arrow. Relevant restriction sites are indicated ([B], BamHI; [Bg],recognition motifs may be unpaired.
BglII; [E], EcoRV; and [H], HindIII). The underlined restriction sites
were introduced by the PCR amplification reaction. The BglII sites
and Bakin, 1997) obtained from the DsnR36 strain at the termini of the URA3 cassette inserted into the SNR36 gene
were destroyed.proved that pseudouridylation of rRNAs was not af-
(B) Schematic representation of the expression construct used tofected at any position, other than the U1185 residue
restore accumulation of snR36 RNA. The coding region of the SNR36(data not shown). We conclude that, as predicted by the
gene was inserted into the intron region of the yeast actin gene,
proposed model for pseudouridylation, yeast snR5 and which was flanked by the promoter and terminator of the yeast
snR36 snoRNAs are required for the site-specific pseu- alcohol dehydrogenase gene (Kiss-LaÂ szloÂ et al., 1996). Restriction
douridylation of the U1003 and U1123 residues in the sites are indicated ([H], HindIII; [K], KpnI, and [X], XhoI).
(C) Northern blot analysis of snR5 and snR36 snoRNAs. Cellular25S RNA and the U1185 residue in the 18S RNA, respec-
RNAs obtained from control cells (CMY133) (lanes 1 and 4), fromtively.
cells carrying disrupted SNR5 (strain DsnR5, lane 2) or SNR36 (strain
DsnR36, lane 5) genes, and from cells lacking functional chromo-
Expression of snR5 and snR36 snoRNAs Restores somal SNR5 or SNR36 genes but transformed with the pFL45/SNR5
Pseudouridylation of Yeast rRNAs (strain DsnR5/RES, lane 3) or pFL45/ACT/SNR36 (strain DsnR36/
To unambiguously demonstrate the involvement of snR5 RES, lane 6) expression constructs were separated by polyacryl-
amide gel electrophoresis on 6% sequencing gels and probed withand snR36 snoRNAs in the site-specific pseudouridyla-
a mixture of labeled oligonucleotides specific to snR5 and U24 (lanestion of yeast rRNA, we tested whether genetic restora-
1±3) or to snR36 and U24 snoRNAs. Lanes M, size markers (a mixturetion of the expression of snR5 and snR36 snoRNAs in
of HaeIII- and TaqI-digested pBR322).
yeast strains lacking functional SNR5 (DsnR5) and
SNR36 (DsnR36) genes would restore the pseudouridy-
lation of 25S and 18S rRNAs. The yeast SNR5 gene is pre-rRNA (Ganot et al., 1997). Thus, to express snR36
in yeast cells, its coding region was inserted into thetranscribed from its own promoter by RNA polymerase
II (Parker et al., 1988); however, the snR36 RNA is pro- intron of the yeast actin gene (Figure 5B), which was
placed under the control of the promoter and terminatorcessed from a longer precursor RNA of unknown tran-
scription origin (Samarsky et al., 1995; Ganot et al., of the yeast alcohol dehydrogenase gene (Kiss-LaÂszloÂ
et al., 1996). The resulting ACT/SNR36 expression con-1997). Yeast snR36 RNA was faithfully processed in
mammalian cells from an intron of the human b-globin struct and the SNR5 gene were transformed into the
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Figure 6. Primer Extension Analysis of Yeast
rRNA Pseudouridylation
Conversion of U1003 and U1123 residues in
yeast 25S rRNA obtained either from the con-
trol CMY133 (lanes 1 and 4), the DsnR5 (lanes
2 and 5), or the DsnR5/RES (lanes 3 and 6)
strainswas monitored by the CMC-primer ex-
tension method. To map c1003 and c1123,
we used 59 end-labeled oligonucleotide prim-
ers complementary to 25S rRNA from posi-
tion 1024 to 1041 or from 1144 to 1162, re-
spectively. The extension products were
separated on a 6% sequencing gel. To moni-
tor pseudouridylation of yeast 18S rRNA at
the U1185 in the control CMY133 (lane 7), the
DsnR36 (lane 8), and the DsnR36/RES stains,
we used a primer complementary to 18S
rRNA from position 1203 to 1223. In this case,
a 15% gel was used to separate the extension
products. Lanes T, G, C, and A represent di-
deoxy sequencing reactions. Positions of
known pseudouridine residues are indicated.
DsnR36 and DsnR5 strains, respectively. Northern analy- the total uridine residues are converted into pseudouri-
dine by a thus far obscured molecular mechanism. Inses showed that both snR5 and snR36 snoRNAs accu-
mulated efficiently in the transformant DsnR5/RES (Fig- this study, two critical findings allowed us to elaborate
a model in which ribosomal pseudouridines are selectedure 5C, lane 3) and DsnR36/RES strains (lane 6).
Mapping the pseudouridylation sites in 25S rRNA iso- by box H/ACA snoRNAs: first, that mammalian pseudo-
uridylation factors recognize short ribosomal signal se-lated from the DsnR5/RES strain demonstrated that res-
toration of the accumulation of snR5 RNA reestablished quences located around the target uridine, and second,
that human and yeast box H/ACA snoRNAs possessthe site-specific conversion of U1003 and U1123 resi-
dues into pseudouridine (Figure 6, lanes 3 and 6). Like- complementarities to these ribosomal signal sequences.
According to this model, two short sequence motifs ofwise, expression of snR36 in the DsnR36/RES strain
restored the pseudouridylation of 18S rRNA at U1185 the box H/ACA snoRNA base-pair with rRNA sequences
preceding and following a pseudouridylation site (Figure(lane 9). These results unambiguously demonstrate that
the snR5 RNA plays a specific and crucial role in the 4). In thepseudouridylation guide snoRNA, the tworRNA
recognition motifs occupy the opposite strands of anconversion of U1003 and U1123 in the 25S rRNA into
pseudouridines, while snR36 is essential for thepseudo- internal loop structure that is located either in the 59
or 39 hairpin domain of the snoRNA. The two shorturidylation of U1185 in the 18S rRNA.
To test the importance of the putative rRNA recogni-
tion motifs in the pseudouridylation pocket loop of yeast
snR36 RNA, the 117-UUGAGU-122 and 163-AAUUAG-
168 sequence motifs that are complementary to the 18S
rRNA sequences surrounding the c1185 pseudouridyla-
tion site (Figure 3A) were replaced by the sequences
117-AAGAGC-121 and 163-CAUCAG-168 (the altered
nucleotides are underlined). The mutant snR36m RNA
was inserted into the intron of the yeast actin gene and
expressed in the DsnR36 strain as described for the
wild-type snR36 RNA (Figure 5B). Although the snR36m
snoRNA accumulated to the levels of the wild-type
snR36 (Figure 7A), it failed to rescue the pseudouridyla-
tion of U1185 in the 18S RNA. This observation demon-
strates that disruption of the perfect base-pairing inter- Figure 7. Base Substitutions in the rRNA Recognition Motifs of
snR36 snoRNA Abolish snR36-Directed Pseudouridylation of 18Sactions between a box H/ACA snoRNA and rRNA
rRNAsequences completely abolishes the site-specific pseu-
(A) Northern analysis of accumulation of snR36 RNA. Cellular RNAdouridylation of pre-rRNA.
isolated from the DsnR36/RES (lane 1), the DsnR36 (lane 2), or the
DsnR36/snR36m (lane 3) strain was separated by polyacrylamide
gel electrophoresis and probed with a mixture of radiolabeled oligo-Discussion
nucleotides specific to snR36 and U24 snoRNAs. Lane M, size
markers.Pseudouridine is the most abundant modified nucleo-
(B) Primer extension analysis of pseudouridylation of the U1185
tide in eukaryotic rRNAs and arises from posttranscrip- residue of yeast 18S rRNA obtained from the DsnR36/RES (lane 1),
tional isomerization of selected uridines in the pre-rRNA. the DsnR36 (lane 2), or the DsnR36/snR36m (lane 3) strain. For other
details, see the legend to Figure 6.In mammalian 18S, 5.8S, and 28S rRNAs, about 8% of
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snoRNA±rRNA helices surround two unpaired nucleo- 59- and 39-terminal hairpin elements of the snR5 RNA
tides in the rRNA sequence. The first unpaired nucleo- are capable of directing site-specific pseudouridylation
tide (in a 59 to39 orientation) is invariably a uridine residue of 25S rRNA (Figure 6). Therefore, we can anticipate that
that is always converted into pseudouridine. putative protein factors that bind to the H and ACA
This model was verified by genetic depletion and re- boxes of pseudouridylation guide RNAs are directly or
constitution studies on two yeast box H/ACA snoRNAs, indirectly involved in the pseudouridylation reaction.
snR5 and snR36. As predicted by the proposed Apparently, the snoRNA component of box H/ACA
snoRNA±rRNA interactions shown in Figure 3A, deple- snoRNPs plays a crucial role in the selection of the
tion of snR5 abolished the pseudouridylation of 25S correct ribosomal pseudouridylation site in the pre-
rRNA at positions c1003 and c1123, and removal of rRNA. However, it remains an exciting question whether
snR36 obliterated formation of c1185 in the 18S rRNA. isomerization of the selected uridine into pseudouridine
Restoration of snR5 and snR36 expression rescued the is catalyzed by the snoRNA itself or is achieved by a
defects of 25S and 18S pseudouridylation. But expres- protein enzyme. If the reaction is catalyzed by a putative
sion of a mutant version of snR36 carrying altered rRNA pseudouridine synthase, is it an integral part of the
recognition motifs failed to restore pseudouridylation of snoRNP or is it a free enzyme that is targeted to the
18S rRNA. These results demonstrate that the snR5 and pseudouridylation site by transient interaction with box
snR36 RNAs, and probably the majority of box H/ACA H/ACA snoRNPs? To date, only one protein, Gar1p (Gi-
snoRNAs, function as specific guide RNAs in the site- rard et al., 1992), has been demonstrated to be associ-
specific pseudouridylation of eukaryotic rRNAs. ated with all box H/ACA snoRNAs (Balakin et al., 1996;
The finding that pseudouridylation guide snoRNAs, Ganot et al., 1997). Recent biochemical purification of
similarly to U3 (Beltrame and Tollervey, 1995),U14 (Liang yeast snR30 snoRNP showed that the Gar1 protein likely
and Fournier, 1995), and the large number of 29-O-meth- represents part of the core structure of box H/ACA
ylation guide snoRNAs (Nicoloso et al., 1996; Kiss- snoRNPs (LuÈ bben et al., 1995). Consistent with this,
LaÂ szloÂ et al., 1996), function through Watson-Crick inter- yeast Gar1 protein is required for the global pseudouri-
actions with rRNA sequences shows that direct base dylation of yeast pre-rRNA (C. Bousquet-Antonelli et al.,
pairing is the most economical way to obtain specific submitted). Since depletion of yeast Gar1 protein almost
substrate±ªenzymeº (rRNA±snoRNP) interactions dur- completely inhibits pseudouridylation of yeast 35S pre-
ing the nucleolar processing of eukaryotic pre-RNAs.
rRNA, we believe that formation of most, if not all, of
Although both pseudouridylation and methylation guide
the yeast ribosomal pseudouridines is mediated by box
RNAs exploit the high specificity provided by RNA±RNA
H/ACA snoRNAs. The consideration that the Gar1 pro-
hydrogen bonding interactions, there is a significant dif-
tein shares no conserved motifs with pseudouridyl syn-
ference between the strategies applied by these two
thases (Koonin, 1996) and is present in the snR30 and
groups of snoRNAs. While methylation guide RNAs pos-
snR10 snoRNP particles (LuÈ bben et al., 1995; Girard etsess long uninterrupted complementarities to rRNA se-
al., 1992), which are apparently not involved in rRNAquences, pseudouridylation guide RNAs contain two
pseudouridylation (see below), makes it unlikely that theshort complementary motifs, neither of which could
Gar1 snoRNP protein would be directly involved in thealone provide sufficient information to unambiguously
synthesis of ribosomal pseudouridines.select a unique site in the pre-rRNA. The two short rec-
Thus far, only two yeast box H/ACA snoRNAs, snR30ognition motifs of box H/ACA snoRNAs are brought to-
(Morrissey and Tollervey, 1993) and snR10 (Tollervey,gether by a stem±loop structure to create a statistically
1987), have been found to be essential for normal pre-significant bipartite recognition signal. The finding that
rRNA processing and cell growth (see also Introduction).the secondary structure of snoRNAs may create specific
Since, neither one of these two snoRNAs conforms torRNA recognition signals by folding together short rec-
the structural rule found for pseudouridylation guideognition sequences reveals a new mode of interaction
RNAs, they likely possess distinct nucleolar functions.between snoRNAs and rRNA sequences, which, in prin-
Similarly, we failed to identify obvious rRNA pseudouri-ciple, could be utilized by other snoRNAs as well.
dylation pockets for three other yeast box H/ACA snoR-The importance of the evolutionarily conserved H and
NAs, snR9, snR37, and snR43, as well as for vertebrateACA boxes in the selection or synthesis of ribosomal
U17 snoRNA (data not shown). The question thus re-pseudouridines is unclear. The single-stranded nature of
mains: do these RNAs still function in pre-rRNA pseudo-these elements suggests that they function as protein-
uridylation using a mechanism different from that ap-binding signals and play an essential role in the assem-
plied by the majority of pseudouridylation guide RNAs,bly or function of the snoRNP particle. Supporting this
or do they function in other aspects of pre-rRNA pro-assumption, the H and ACA boxes were found to be
cessing? Another intriguing possibility is that theseessential for accumulation of yeast snR11 and human
snoRNAs guide the site-specific pseudouridylation ofU64 snoRNAs (Balakin et al., 1996; Ganot et al., 1997).
nucleolar RNAs other than rRNAs.Interestingly, the H and ACA motifs are located in very
The conclusion that box H/ACA snoRNAs function insimilar structural environments: they follow the 59- or
pre-rRNA pseudouridylation implies that previous ge-39-terminal hairpins of the snoRNA, respectively (Figure
netic depletion studies on yeast snR3 (Tollervey et al.,4). The observation that the distance between the se-
1983), snR5, snR8 (Parker et al., 1988), snR189 (Thomp-lected ribosomal pseudouridine and the H or ACA box
son et al., 1988), snR31 (Balakin et al., 1993; Dandekarof the guide RNA shows remarkable conservation sug-
and Tollervey, 1993), snR32, snR33 (Balakin et al., 1993),gests that these elements may also contribute to the
snR34, snR35, snR36 (Samarsky et al., 1995), snR11,selection or synthesis of pseudouridines. This hypothe-
sis was reinforced by the demonstration that both the snR42, snR44, and snR46 (Balakin et al., 1996) snoRNAs
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inserted into the XbaI and XhoI sites of pW(Xb/Xh). The same ap-resulted in yeast strains deficient in rRNA pseudouridy-
proach was used to construct pW6/6 (oligos P3 and P4), pW6/0lation. In light of the results presented in this study,
(oligos P5 and P6), and pW0/6 (oligos P7 and 8). Transfection ofpositions of the missing ribosomal pseudouridine resi-
plated mouse L929 cells (ATCC CCL1) was achieved by the DEAE-
dues in these yeast strains could be predicted (Figure dextran method as described by Selden (1992).
3A). Interestingly, the lack of individual ribosomal pseu-
douridines had no detectable phenotype in these yeast Construction of Yeast Strains with Inactive SNR5
and SNR36 Genesstrains. Moreover, a multiple mutant strain lacking five
A 0.76 kb fragment of yeast genomic DNA encompassing the SNR5nonessential snoRNAs, among them three pseudouridy-
gene was PCR amplified using primers complementary to the up-lation guide RNAs (snR3, snR5, and snR8) responsible
stream (P9) and downstream (P10) flanking regions of the SNR5
for the synthesis of four pseudouridines (Figure 3A, and gene. The amplified fragment was cloned, using the PCR-introduced
6), had growth characteristics similar to those of wild- HindIII and BglII restriction sites, into the HindIII and BamHI sites
of pBluescript II KS vector (Stratagene), resulting in pKS/SNR5. Atype cells (Parker et al., 1988). These observations are
1.2 kb BglII fragment bearing the URA3 gene was inserted into theconsistent with the idea that ribosomal pseudouridines
BamHI site of pKS/SNR5 located upstream of the SNR5 codingcould subtly enhance ribosomal functions that can oc-
region. The HindIII±XbaI fragment carrying the disrupted SNR5 gene
cur in their absence as well, albeit at slighly lower effi- was purified from the resulting construct and used to transform
ciency. Nevertheless, these ribosomal pseudouridines the haploid Ura2 yeast strain, CMY133 (a, trp1.D, his3.D, ura3.52,
would presumably confer selective advantages during lys2.801, ade2.101).
To produce a null allele of the yeast SNR36 gene, an 0.89 kbevolution.
genomic fragment was PCR amplified using primers encompassingThe demonstration that most of the box H/ACA snoR-
the naturally occurring BamHI sites positioned 355 bp upstreamNAs function as guide RNAs in site-specific pseudouri-
(P11) and356 bp downstream (P12) of the SNR36 codingsequences.
dylation of pre-rRNAs sheds new light on the extraordi- The amplified fragment was cloned into the BamHI site of pBlue-
narily complex world of small nucleolar RNAs. It is scribe (Stratagene), and the 1.2 kb BglII URA3 cassette filled by
Klenow polymerase was inserted at the EcoRV site in the SNR36becoming evident that during the nucleolar production
coding region. The BamHI fragment containing the disruption wasof functional rRNAs, eachpre-rRNA moleculeundergoes
used for gene replacement in the CMY133 strain.a complex and dynamic series of direct base-pairing
interactionswith an unexpectedly large number of snoR- Construction of Expression Plasmids
NAs. These snoRNAs select the correct nucleotides for for Yeast Transformation
site-specific ribose methylation and pseudouridine for- Construction of the yeast expression vector, pFL45/ACT, was de-
scribed earlier (Kiss-LaÂszloÂ et al., 1996). In brief, the yeast actinmation and play essential roles in nucleolytic cleavages
gene containing a newly engineered XhoI site in its intron regionof pre-rRNA. In principle, snoRNAs may also assist ribo-
was placed under the control of the promoter andterminator regionssome assembly by modulating rRNA folding or interac-
of the yeast alcohol dehydrogenase gene (ADCI). The resulting chi-
tions between rRNA and ribosomal proteins and could meric gene was cloned into the pFL45 yeast shuttle vector
participate in the nucleocytoplasmic transportation of (Bonneaud et al., 1991). To obtain pFL45/ACT/SNR36, the coding
ribosomal subunits (Maxwell and Fournier, 1995; Toller- region of the SNR36 gene was PCR amplified using 59 and 39 end-
specific primers (P13 and P14, respectively) and inserted into thevey and Kiss, 1997). Apparently, snoRNAs possess a
XhoI site of pFL45/ACT. To generate pFL45/SNR5, the HindIII±PvuIIversatile nucleolar function, and beyond a doubt, future
fragment of the pKS/SNR5 (see above) carrying the 0.76 kb SNR5studies on the nucleolar biogenesis of cytoplasmic ribo- locus and a 0.17 kb fragment of the vector was cloned into the
somes will provide us with more surprising lessons HindIII and PvuII sites of pFL45.
about the ªRNA worldº of eukaryotic cells.
RNA Extraction, Northern Analysis, and Mapping
of Ribosomal Pseudouridine ResiduesExperimental Procedures
RNAs from HeLa cells, transfected mouse cells (Goodall et al. 1990),
and yeast cells (Tollervey and Mattaj, 1987) were isolated by guanidi-General Procedures
nium thiocyanate/phenol-chloroform extraction as described. ForAll techniques used for manipulating DNA, RNA, and oligonucleo-
Northern analyses, 10 mg of yeast cellular RNA was separated by
tides and for amplification and cloning of DNA fragments were per-
polyacrylamide gel electrophoresis on a 6% sequencing gel, elec-
formed according to standard laboratory protocols (Sambrook et
troblotted onto a Hybond-N nylon membrane (Amersham), and
al., 1989). The identity of all constructions was verified by sequence
probed with kinase-labeled oligonucleotides complementary to
analysis. Growth and handling of Saccharomyces cerevisiae were snR5 (P15), snR36 (P14), or U24 (P16).
done by standard techniques (Sherman, 1991). The following oligo- To map ribosomal pseudouridine residues, 10 mg of yeast or
nucleotides were used in this study: P1, CTAGAAGACGATCAGATA mouse cellular RNA was treated with N-cyclohexyl-N9-b-(4-methyl-
CCGTCGTAC; P2, TCGAGTACG ACGGTATCTGATCGTCTT; P3, CTA
morpholinium)ethylcarbodiimide p-tosylate (CMC) as described by
GACGATCAGATA; P4, TCGATATCTGATCGT; P5, CTAGACGAT; P6, Bakin andOfengand (1993). To remove CMC groups from the uridine
TCGAATCGT; P7, CTAGTCAGATA; P8, TCGATATC TGA; P9, TATAA and guanine residues, the CMC-modified RNAs were incubated for
GCTTAATAGGAACTCATGGTG; P10, TTTAGATCTATAATTGA AGTA 4 hr in 50 mM Na2CO3 buffer (pH 10.4) at 378C. Primer extensionTATGTACG; P11, TTTGGATCCGATCACAATATG; P12, CCAGTGGA analysis of modified RNAs was performed as described by Kiss-
TCCAA AGTGTAG; P13; TATGGTACCTTGCCCTGTGCCTCGCTCG; LaÂ szloÂ et al. (1996). To monitor pseudouridylation of the mouse
P14, TTACTCGAGT GATATGAGACGTTCTAATTA; P15, ATAGACAT minigene transcripts, the 59 end-labeled 3-oCAT2 oligonucleotide
ATGGAGGCGTG; and P16, GTTATT ACATCATTTGA. (Hadjiolova et al., 1994), complementary to the pW transcript down-
stream from the inserted ribosomal fragment, was used for primer
Construction of Plasmids for Transfection extension. Oligonucleotides used for mapping yeast and human
of Mouse Cells ribosomal pseudouridines are indicated in the figure legends.
Recombinant plasmid pW(Xb/Xh), in which the HindIII and BamHI
restriction sites in the polylinker region of the mouse ribosomal Acknowledgments
minigene pW (Hadjiolova et al., 1994) were replaced with XbaI and
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Cell
808
pW(Xb/Xh), to M. J. Fournier for sharing the sequence of yeast Hadjiolova, K.V., Normann, A., CavailleÂ , J., SoupeÁne, E., Mazan, S.,
Hadjiolov, A.A., and Bachellerie, J.-P. (1994). Processing of trun-snR49, to Y. de Preval for synthesis of oligonucleotides, and to F.
cated mouse or human rRNA transcribed from ribosomal minigenesChetouani for helpful discussions on computer analyses of snoR-
transfected into mouse cells. Mol. Cell. Biol. 14, 4044±4056.NAs. We are indebted to C. Bousquet-Antonelli, Y. Henry, and J.-P.
GeÂ lugne for manyhelpful suggestions on yeast genetic experiments. Hughes, J.M.X., and Ares, M.,Jr. (1991). Depletion of U3 small nucle-
We thank L. Poljak for critical reading of the manuscript. Our re- olar RNA inhibits cleavage in the 59 external transcribed spacer of
search was supported by the CNRS, UniversiteÂ Paul Sabatier, Tou- yeast pre-ribosomal RNA and prevents formation of 18S ribosomal
louse, and by grants from la Ligue Nationale contre le Cancer and RNA. EMBO J. 10, 4231±4239.
la Fondation pour la Recherche MeÂ dicale to T. K. Kass, S., Tyc, K., Steitz, J.A., and Sollner-Webb, B. (1990). The
U3 small nucleolar ribonucleoprotein functions in the first step of
preribosomal RNA processing. Cell 60, 897±908.Received April 9, 1997; revised May 6, 1997.
Kiss-LaÂszloÂ , Z., Henry, Y., Bachellerie, J.-P., Caizergues-Ferrer, M.,
and Kiss, T. (1996). Site-specific ribose methylation of preribosomalReferences
RNA: a novel function for small nucleolar RNAs. Cell 85, 1077±1088.
Kiss, T., Bortolin, M.-L., and Filipowicz, W. (1996). CharacterizationBakin, A., Lane, B.G., and Ofengand, J. (1994). Clustering of pseudo-
of the intron-encoded U19 RNA, a mammalian small nucleolar RNAuridine residues around the peptidyltransferasecenter of yeast cyto-
that is not associated with fibrillarin. Mol. Cell. Biol., 16, 1391±1400.plasmic and mitochondrial ribosomes. Biochemistry 33, 13475±
13483. Kiss, T., and Filipowicz, W. (1993). Small nucleolar RNAs encoded
by introns of the human cell cycle regulatory gene RCC1. EMBO J.Bakin, A., and Ofengand, J. (1993). Four newly located pseudouri-
12, 2913±2920.dine residues in Escherichia coli 23S ribosomal RNA are all at the
peptidyltransferase center: analysis by the application of a new Koonin, E.V. (1996). Pseudouridine synthases: four families of en-
sequencing technique. Biochemistry 32, 9754±9762. zymes containing a putative uridine-binding motif also conserved
in dUTPases and dCTP deaminases. Nucleic Acids Res. 24, 2411±Bakin, A., and Ofengand, J. (1995). Mapping of the 13 pseudouridine
2415.residues in Saccharomyces cerevisiae small subunit ribosomal RNA
to nucleotide resolution. Nucleic Acids Res. 23, 3290±3294. Lane, B.G., Ofengand, J., and Gray, M.W. (1995). Pseudouridine and
O29-methylated nucleotides. Significance of their selective occur-Balakin, A.G., Schneider, G.S., Corbett, M.S., Ni, J., and Fournier,
rence in rRNA domains that function in ribosome-catalyzed synthe-M.J. (1993). snR31, snR32, and snR33: three novel, non-essential
sis of the peptide bonds in proteins. Biochimie 77, 7±15.snRNAs from Saccharomyces cerevisiae. Nucleic Acids Res. 21,
Li, H.V., Zagorski, J., and Fournier, M.J. (1990). Depletion of U145391±5397.
small nuclear RNA (snR128) disrupts production of 18S rRNA inBalakin, A.G., Smith, L., and Fournier, M.J. (1996). The RNA world
Saccharomyces cerevisiae. Mol. Cell. Biol. 10, 1145±1152.of the nucleolus: two major families of small RNAs defined by differ-
Liang, W.-Q., and Fournier, M.J. (1995). U14 base-pairs with 18Sent box elements with related functions. Cell 86, 823±834.
rRNA: a novel snoRNA interaction required for rRNA processing.Bally, M., Hughes, J., and Cesareni, G. (1988). snR30: a new, essen-
Genes Dev. 9, 2433±2443.tial small nuclear RNA from Saccharomyces cerevisiae. Nucleic
LuÈ bben, B., Fabrizio, P., Kastner, B., and LuÈ hrmann, R. (1995). Isola-Acids Res. 16, 5291±5303.
tion and characterization of the small nucleolar ribonucleoproteinBeltrame, M., and Tollervey, D. (1995). Base pairing between U3
particle snR30 from Saccharomyces cerevisiae. J. Biol. Chem. 270,
and pre-ribosomal RNA is required for 18 rRNA synthesis. EMBO
11549±11554.
J. 14, 4350±4356.
Maden,B.E.H. (1990). The numerousmodified nucleotides in eukary-
Bonneaud, N., Ozier-Kalogeropoulos, O., Li, G., Labouesse, M., Min- otic ribosomal RNA. Prog. Nucleic Acids Res. 39, 241±303.
vielle-Sebastia, L., and Lacroute, F. (1991). A family of low and high
Maden, B.E., Forbes, J., de Jong, P., and Klootwijk, J. (1975). Pres-copy replicative, integrative and single-stranded S. cerevisiae/E.
ence of a hypermodified nucleotide in HeLa cell 18S and Saccharo-coli shuttle vectors. Yeast 7, 609±615.
myces carlsbergensis 17S ribosomal RNAs. FEBS Lett. 59, 60±63.
CavailleÂ , J., Nicoloso, M., and Bachellerie, J.-P. (1996). Targeted
Maxwell, E.S., and Fournier, M.J. (1995). The small nucleolar RNAs.ribose methylation of RNA in vivo directed by tailored antisense
Annu. Rev. Biochem. 35, 897±934.RNA guides. Nature 383, 732±735.
Morrissey, J.P., and Tollervey, D. (1993). Yeast snR30 is a small
Dandekar, T., and Tollervey, D. (1993). Identification and functional
nucleolar RNA required for 18S rRNA synthesis. Mol. Cell. Biol. 13,
analysis of a novel yeast small nucleolar RNA. Nucleic Acids Res. 2469±2477.
21, 5386±5390.
Nicoloso, M., Qu, L.-H., Michot, B., and Bachellerie, J.-P. (1996).
Eichler, D.C., and Craig, N. (1995). Processing of eukaryotic ribo- Intron-encoded, antisense small nucleolar RNAs: the characteriza-
somal RNA. Prog. Nucleic Acid Res. Mol. Biol. 49, 179±239. tion of nine novel species points to their direct role as guides for
Engberg, J., and Nielsen, H. (1990). Complete sequence of the extra- the 29-O-ribose methylation of rRNAs. J. Mol. Biol. 260, 178±195.
chromosomal rDNA molecule from the ciliate Tetrahymena ther- Nielsen, H., érum, H., and Engberg, J. (1992). A novel class of nucle-
mophila strain B1868VII. Nucleic Acids Res. 18, 6915±6919. olar RNAs from Tetrahymena. FEBS Lett. 307, 337±342.
Ganot, P., Caizergues-Ferrer, M., and Kiss, T. (1997). The family Ofengand, J., and Bakin, A. (1997). Mapping to nucleotide resolution
of box ACA small nucleolar RNAs is defined by an evolutionarily of pseudouridine residues in large subunit ribosomal RNAs from
conserved secondary structure and ubiquitous sequence elements representative eukaryotes, prokaryotes, archaebacteria, mitochon-
essential for RNA accumulation. Genes Dev. 11, 941±956. dria and chloroplasts. J. Mol. Biol. 266, 246±268.
Girard, J.-P., Lehtonen, H., Caizergues-Ferrer, M., Amalric, F., Toller- Ofengand, J., Bakin, A., Wrzesinski, J., Nurse, K., and Lane, B.G.
vey, D., and Lapeyre, B. (1992). GAR1 is an essential small nucleolar (1995). The pseudouridine residues of ribosomal RNA. Biochem.
RNP protein required for pre-rRNA processing in yeast. EMBO J. Cell Biol. 73, 915±924.
11, 673±682. Parker, R., Simmons, T., Shuster, E.O., Siliciano, P.G., and Guthrie,
Goldwasser, E., and Heinrikson, R.L. (1966). The biochemistry of C. (1988). Genetic analysis of small nuclear RNAs in Saccharomyces
pseudouridine. Prog. Nucleic Acids Res. Mol. Biol. 5, 399±416. cerevisiae: viable sextuple mutant. Mol. Cell. Biol. 8, 3150±3159.
Goodall, G.J., Wiebauer, K., and Filipowicz, W. (1990). Analysis of Peculis, B.A., and Steitz, J.A. (1993). Disruption of U8 nucleolar
pre-mRNA processing in transfected plant protoplasts. Meth. Enzy- snRNA inhibits 5.8S and 28S rRNA processing in the Xenopus oo-
mol. 181, 148±161. cyte. Cell 73, 1233±1245.
Hadjiolov, A.A. (1985). The nucleolus and ribosome biogenesis. In Rimoldi, O.J., Raghu, B., Nag, M.K., and Eliceiri, G.L. (1993). Three
Cell Biology Monographs (series), M. Alfert, W. Beermann, L. new small nucleolar RNAs that are psoralen cross-linked in vivo to
unique regions of pre-rRNA. Mol. Cell. Biol. 13, 4382±4390.Goldstein, K.R. Porter, and P. Sitte, eds. (Vienna: Springer-Verlag).
Site-Specific Pseudouridylation of pre-rRNA
809
Ruff, E.A., Rimoldi, O.J., Raghu, B., and Eliceiri, G.L. (1993). Three Note Added in Proof
small nucleolar RNAs of unique nucleotide sequences. Proc. Natl.
Acad. Sci. USA 90, 635±638. The article cited as ``C. Bousquet-Antonelli et al., submitted'' is now
in press: Bousquet-Antonelli, C., Henry, Y., GeÂ lugne, J.-P., Caiz-Samarsky, D.A., Balakin, A.G., and Fournier, M.J. (1995). Character-
ergues-Ferrer, M., and Kiss, T. (1997). A small nucleolar RNP proteinization of three new snRNAs from Saccharomyces cerevisiae:
is required for pseudouridylation of eukaryotic ribosomal RNAs.snR34, snR35 and snR36. Nucleic Acids Res. 23, 2548±2554.
EMBO J., in press.Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Clon-
ing: A Laboratory Manual. (Cold Spring Harbor, New York: Cold
Spring Harbor Laboratory Press).
Saponara, A.G., and Enger, M.D. (1974). The isolation from ribo-
nucleic acid of substituted uridines containing a-aminobutyrate moi-
eties derived from methionine. Biochim. Biophys. Acta 349, 61±77.
Savino, R., and Gerbi, S.A. (1990). In vivo disruption of Xenopus U3
snRNA affects ribosomal RNA processing. EMBO J. 9, 2299±2308.
Selden, R.F. (1992). Transfection using DEAE-dextran. In Current
Protocols in Molecular Biology, F.M. Ausubel, R. Brent, R.E. Kings-
ton, D.D. Moore, and J.G. Seidman, eds. (John Wiley and Sons, New
York, USA), pp. 9.2.1±9.2.4.
Sherman, F. (1991). Getting started with yeast. Methods Enzymol.
194, 3±23.
Sirum-Connolly, K., and Mason, T.L. (1993). Functional requirement
of a site-specific ribose methylation in ribosomal RNA. Science 262,
1886±1889.
Sollner-Webb, B., Tycowski, K.T., and Steitz, J.A. (1996). Ribosomal
RNA processing in eukaryotes. In Ribosomal RNA. Structure, Evolu-
tion, Processing, and Function inProtein Biosynthesis, R.A. Zimmer-
mann and A.E. Dahlberg, eds. (Boca Raton: CRC press), pp.
469±490.
Thompson, J.R., Zagorski, J., Woolford, J.L., and Fournier, M.J.
(1988). Sequence and genetic analysis of a dispensible 189 nucleo-
tide snRNA from Saccharomyces cerevisiae. Nucleic Acids Res. 16,
5587±5601.
Tollervey, D. (1987). A yeast small nuclear RNA is required for normal
processing of pre-ribosomal RNA. EMBO J. 6, 4169±4175.
Tollervey, D., and Guthrie, C. (1985). Deletion of a yeast small nuclear
RNA gene impairs growth. EMBO J. 4, 3873±3878.
Tollervey, D., and Kiss, T. (1997). Function and synthesis of small
nucleolar RNAs. Curr. Opin. Cell Biol. 9, in press.
Tollervey, D., and Mattaj, I.W. (1987). Fungal small nuclear ribo-
nucleoproteins share properties with plant and vertebrate U-snRNPs.
EMBO J. 6, 469±476.
Tollervey, D., Wise, J.A., and Guthrie, C. (1983). A U4-like small
nuclear RNA is dispensible in yeast. Cell 35, 753±762.
Tyc, K., and Steitz, J.A. (1989). U3, U8 and U13 comprise a new
class of mammalian snRNPs localized in the cell nucleolus. EMBO
J. 8, 3113±3119.
Tycowski, K.T., Shu, M.-D., and Steitz, J.A. (1993). A small nucleolar
RNA is processed from an intron of the human gene encoding ribo-
somal protein S3. Genes Dev. 6, 1120±1130.
Tycowski, K.T., Shu, M.-D., and Steitz, J.A. (1994). Requirement for
intron-encoded U22 small nucleolar RNA in 18S ribosomal RNA
maturation. Science 266, 1558±1561.
Tycowski, K.T., Shu, M.-D., and Steitz, J.A. (1996a). A mammalian
gene with introns instead of exons generating stable RNA products.
Nature 379, 464±466.
Tycowski, K.T., Smith, C.M., Shu, M.-D., and Steitz, J.A. (1996b). A
small nucleolar RNA required for site-specific ribose methylation of
rRNA in Xenopus. Proc. Natl. Acad. Sci. USA 93, 14480±14485.
Venema, J., and Tollervey, D. (1995). Processing of pre-ribosomal
RNA in Saccharomyces cerevisiae. Yeast 11, 1629±1650.
Wrzesinski, J., Bakin, A., Nurse, K., Lane, B.G., and Ofengand, J.
(1995a). Purification, cloning, and properties of the 16S RNA pseu-
douridine 516 synthase from Escherichia coli. Biochemistry 34,
8904±8913.
Wrzesinski, J., Nurse, K., Bakin, A., Lane, B.G., and Ofengand, J.
(1995b). A dual-specificity pseudouridine synthase: an Escherichia
coli synthase purified and cloned on the basis of its specificity for
c746 in 23S RNA is also specific for c32 in tRNAphe. RNA 1, 437±448.
